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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 


TECHNICAL NOTE NO. 1055 

COMPARISON OF TWO-DIMENSIONAL AIR FLOWS ABOUT AN 
KACA 0012 AIRFOIL OF 1-INCH CHORD AT ZERO LIFT 
IN OPEN AND CLOSED 3 -INCH JETS AND CORRECTIONS 
FOR JET- BOUNDARY INTERFERENCE 
By Ray H. Wright and Coleman duP. Donaldson 

SUMMARY 


Pressure distributions and schlieren photographs 
for the high-speed flow about a symmetrical airfoil at 
zero lift in open and closed jets are analyzed to show 
the nature cf the jet-boundary interference. Application 
of the theoretical tunnel-wall corrections brought the 
results fox the open- throat and closed- throat tunnels 
into approximate agreement. The stream Mach number in 
the closed jet was limited by tunnel choking. In the 
open jet, although the theoretical interference was less 
than in the closed jet, unsteadiness connected with the 
jet-boundary conditions limited the usefulness of the 
results at high Mach numbers. 


INTRODUCTION 


In order to correlate wind-tunnel data with the 
free-f light performance of aircraft, corrections for the 
influence of the free or solid boundaries of the tunnel 
air stream must be applied er must be shown to be negli- 
gible. Theoretical corrections applicable with incom- 
pressible flow have long been known and have been checked 
by experiment. Theory for the effect of compressibility 
on the corrections has recently been developed, but this 
theory ha3 not been fully verified by experiment nor have 
the limits of applicability of the theory been established. 
The tests of this investigation of an NACA 0012 airfoil 
in open-throat and closed- throat tunnels were expected to 
indicate the applicability of the theoretical compressibility 
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effect on the solid-constriction correction and to 
establish the order of magnitude of the solid-constriction 
correction at the highest Mach number attainable in the 
closed tunnel. Inasmuch as the theoretical solid- 
constriction corrections are of opposite sign for open- 
throat and closed- throat tunnels, the coincidence of 
the theoretically corrected results for an airfoil tested 
in ooen and closed jets of the same size would constitute 
evidence of the validity of the theoretical corrections. 

In the theory em cloyed in the analysis of the data, the 
dimensions of the model are assumed to be small in com- 
parison with those of the tunnel. The experimental 
arrangement satisfied this assumption. The experimental 
work was done in the Langley 1-inch turbine -element 
testing apparatus , for which in these tests the throat 
was 1 by 3 inches. 


SYMBOLS 


t model thickness 

c model chord 

\ parameter depending on airfoil base profile shape 

h tunnel height, distance between upper and lower 

walls of jet 

x, y Cartesian coordinates, orientati on defined where used 
r, 8 polar coordinates, orientation defined where used 
p static pressure 

H total pressure 

V velocity 

A V velocity increment 

a speed of sound 

Mach number, value in the undisturbed stream unless 
otherwise indicated (V/a) 
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AM Mach number increment 
R • Reynolds number 

Y ratio of specific beat at constant pressure to 
specific heat at constant volume for air 

a angle of attack 

C£ section drag coefficient 

Subscripts : 

i income ressible 

c comoressible . 

0 undisturbed stream 

a at orifice a 

b .. at orifice b 

1 increment at orifices a and b due to first pair 

of doublet images (images A and A' of fig. 7 ) 

2 increment at orifices a and b due to second pair 

of doublet images (images B and B' of fig. 7) 

3 increment at orifices a and b due to all doublet 

Images exceot first two pairs 

1 |. total increment at orifices a or b due to all 

doublet images 

5 total increment at oosition of model due to all 

doublet images 

av average value between orifices a and b 

ch choking 

l local 

corr values with solid-constriction corrections applied 

cr critical value corresponding to first attainment 

of speed of sound in flow field 
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eff effective value (all corrections aoplied including 

direct model interference at calibration orifices) 


APPARATUS AND METHODS 


Because schlieren photographs of the entire flow 
field about the model airfoil in the tunnel were desired, 
the apparatus used to simulate both the open-throat and 
the closed-throat tunnel was of necessity quite small. 

The test apparatus is shown in figure 1. 

A supply of compressed air, valved into the settling 
chamber, was passed through a number of fine screens and 
was contracted into the test section. The upper and 
lower walls of the test section were interchangeable 
wooden blocks shaped to simulate either an open-throat 
or a closed-throat tunnel. The vertical walls were also 
interchangeable. The test airfoil equipped wi th pressure- 
distribution orifices could be mounted between steel 
plates that were also equipped with pressure orifices 
(see fig. 2) for measuring the flow velocities and for 
setting the angle of attack. This setup was provided 
with a simple yoke mechanism (fig. 1) so that the angle 
of attack could be adjusted while the tunnel was in 
operation. The steel plates could be replaced by plate- 
glass frames so that the entire field of flow could be 
photographed by use of a schlieren technique. For the 
schlieren photographs, the airfoil was held in place 
mainly by friction and the angle cf attack was adjusted 
between runs by trial and error. 

The model used was an NACA 0012 airfoil of 1-inch 
span and 1-inch chord. One surface was equipped with nine 
pressure orifices at points 7o> 1?»5> 27*5> 37*5» U7*5> 
57.S, 67.5, 77-5> and 07. 5 percent chord from the leading 
edge. The tunnel height for both the open-throat and 
closed-throat tunnels in all tests was 3 inches. The 
ratio of the model thickness tc the tunnel height was 

thus = O.0I4. and appreciable tunnel corrections would 

be expected even at low speeds. With this arrangement 
the Reynolds number at the airfoil critical speed was 
approximately 35^ >000. 
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Mach numbe rs M at various points in the tunnel 
were obtained from the total pressure H and the static 
nressure p by use of the relation 


where y is the ratio of specific heats. By means of a 
calibration, the total pressure was known as a function 
of the pressure in the settling chamber; the static 
pressures were measured in the usual way by means of a 
manometer. 

The tunnel Mach number was taken as that corresponding 
to the ‘pressure at orifice a, which was in the tunnel side 
wall at a point 1.375 inches upstream from the leading 
edge of the model (fig. 2 ). Pressure distributions at 
the surface ‘of the model were taken at tunnel Mach numbers 
ranging from 0.35 to 1.0 in the open jet and from 0.35 
to O.797, which was the choking Mach number, in the closed 
jet. The pressure at orifice b, which was in the tunnel 
side wall at a point 1.375 inches downstream from the 
trailing- edge (fig. 2), 'was also measured. 

The angle* of attack was adjusted to 0° by accurately 
balancing the pressures at two orifices symmetrically 
located above and below the airfoil (fig. 2 ). The adjust- 
nent was made on a sensitive alcohol manometer and at a 
tunnel Mach number of 0 . 60 . 

Schlieren photographs of the flow in both open and 
closed jets were made for the same Mach number ranges as 
those of the pressure-distribution tests but were not 
taken simultaneously with these. The schlieren method 
(method of striae) is described in reference 1 . In the 
present tests, lenses were replaced with mirrors. 


The pressure distributions are presented as the 
ratios of the 'local static pressure to the total pres- 
sure p^/H. The pressure ratios plotted against the 
distance from the leading edge expressed in terms of 



(1) 


TEST RESULTS 
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the chord for various tunnel Mach numbers M a in the 

closed tunnel are given in figure 3* A similar plot for 
the open jet is presented in figure Jp. The orifices 
at 17*5> 47.5, and 67*5 Percent chord were found to be 
plugged or leaking and the pressures at these orifices 
are therefore not presented. Additional pressure data 
were taken in the open jet but were found to be incom- 
plete and could not be analyzed. 

The s chlie ren photographs of the flew about the air- 
foil in the closed and open jets are shown as figures 5 
and 6. The Mach numbers for these figures are the tunnel 
Mach numbers M and the angle of attack is 0°, The 
schlieren setup was so arranged that light regions indi- 
cate increasing density downstream (compression) and dark 
regions, decreasing density downstream (expansion). 
Because a shock wave is a compression, it appears as a 
light line often followed by a parallel dark strip. The 
photographs of figures 5(f), 5(i), 5(j), 5(o), and 5(p) 
were taken with the schlieren system adjusted for greater 
sensitivity than it was for the other photographs of the 
series. In the photographs of the model in the closed 
jet (fig. 5)> the upper and lower boundaries of the photo 
graphs represent the tunnel walls-. In the photographs 
of the model in the open jet (fig, 6), the upper and 
lower boundaries are shown by vortex sheets. In all 
schlieren photographs the flow direction is from left to 
right , 


ANALYSIS AND DISCUSSION 

Application of Jet-Boundary- Interference Theory 


The theory used in the analysis of the data is 
contained in the references and is not repeated herein; 
the application of the theory is, however, described. 

The following corrections must be applied: (a) a correc- 

tion for the tunnel-wall interference at the position of 
the model, (b) a correction for the interference of the 
model at the calibration orifices used for determining 
the tunnel velocity and Mach number, and (c) a correction 
for the wall interference at these orifices. In addition 
for the present tests, the existence of a pressure 
gradient in the tunnel is taken into account along with 
the corrections due to interference. The theoretical 
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tunnel-wall interference at the position of the model is 
treated first and the Order of magnitude of the correc- 
tions involved is investigated. The influence of the 
model alone at the calibration orifices is discussed 
next. The pressure gradient and part of the wall inter- 
ference are then shown to be approximately taken into 
account by averaging the pressures between calibration 
orifices equidistant from the leading and trailing edges 
of the model . Finally, the remaining part of the inter- 
ference at the calibration orifices and at the model is 
calculated and the corrections applied. 

Theoretical tunnel-wall interference .- Two types of 
wall interf erence , solid constriction and wake constric- 
tion, affect the two-dimensional subsonic flow about a 
symmetrical airfoil at zero lift in a tunnel with solid 
boundaries. The presence of the rigid boundaries prevents 
thp lateral expansion of the flow and thus increases 
the effective stream velocities (and Mach numbers) in the 
vicinity of the model. This type of wall interference is 
referred to herein as "solid constriction." The wake due 
to the airfoil drag occupies a region of low velocity 
behind the airfoil. Again the rigid boundaries prevent 
lateral expansion such as would occur in an infinite 
stream and the continuity condition of constant mass flow 
through all cross sections of the tunnel requires that 
the velocity outside the wake be greater than if the wall 
constriction did not occur. This effect is termed "wake 
constriction." Both types of interference result in an 
effective -increase in velocity and Mach number at the 
model. For a symmetrical airfoil at zero lift, the 
assumption is made in the theory that a correction to 
the indicated tunnel velocity is the only tunnel-wall 
correction required. The density; dynamic pressure, 

Mach number, and Reynolds number must, of course, be 
corrected accordingly. 

In a tunnel with free boundaries, the lateral 
expansion of the flow about the airfoil is greater than 
in ah infinite stream and the velocity in the vicinity 
of the airfoil is therefore reduced. The magnitude of 
the solid-constriction correction in an open jet is only 
one-half that in the closed jet and the wake constriction 
is negligible. 


The tunnel-wall-correctibri theory applicable with 
incompressible flow is developed in reference 2, 
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pages 50 to 57 . The solid-constriction correction, 
that is, the velocity increment AV to be added to the 
indicated tunnel velocity, is shown to be, for the 
closed- throat tunnel, 



( 2 ) 


and, for the open-throat tunnel. 


v 0 2k W 


( 3 ) 


whe re 

V 0 tunnel velocity 

t thickness of airfoil 

h tunnel height 

\ parameter depending on airfoil shape 

With compressible flow, formulas (2) and (5) suffer 
important changes due to compressibility effects. The 
most complete available theory of the compressibility 
effects on two-dimensional tunnel-wall interference is 
contained in reference in which the velocity- 
interference corrections for 3olia constriction in the 

closed jet are shown to vary as — • — — r-. The theory 

(1 - M2)V 2 

of reference 5 is applicable also to the solid constriction 
in the open-throat tunnel and the compressibility effect 
in the open jet is the same as that in the closed jet. 

In compressible flow, formulas (2) and (5) therefore 
become, for the closed-throat tunnel, 
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and, for bhe open-throat tunnel, 


AV _ -X ]£ / tV 

V o ” (1 - -112)3/2 2k W 


( 5 ) 


where M is the stream Mach ‘number corresponding to V D . 

The wake-constriction correction for the closed- 
throat tunnel with the compressibility effect included, 
as taken from equation ( 23 ) of reference 3 > is 


M _ 1 + 0 J 1 .M 2 c d° 

V 0 1 - M 2 1+h 


where c^ is the section drag coefficient based on the 
airfoil chord c. Within the accuracy of the other 
approximations employed herein, the apparent value of c^ 
rather than the corrected value may be used. The solid- 
constriction correction decreases very rapidly a3 the 
size of the model is decreased, for this correction is 
proportional to the square of the ratio of the model 
dimensions to tunnel height; the wake-constriction 
correction decreases much less rapidly, for it varies as 
the first power of the ratio of model dimensions to 
tunnel height. It will be observed that the theoretical 
compressibility correction for wake constriction is 
different from that for solid constriction. 

An estimate can now be made of the relative magni- 
tude of the two corrections in the closed jet with a low 
value of the Mach number. With a Mach number of 0 . 5 , 
the velocity is approximately 3&0 miles per hour, which 
corresponds to a Reynolds number for the 1-inch-chord 
airfoil under standard conditions of about R = 295*900, 
or log R = 5 .Ij-7 . Prom figure lli8 of reference k the 
drag coefficient c^ at this Reynolds number is of the 
order of 0.01. With c = 1 inch and h = 3 inches, 
equation (6), when the effect of compressibility is not 
taken into account, is 
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0 .01 x 1 

4*3 


0 . OOCS3 


( 7 ) 


Por the NACA 0012 airfoil, ^ = 4*12 (reference 3 ) and 
the thickness of the 1 -inch-chord airfoil is 0.12 inch 
so that the solid-constriction correction given ’07 
equation ( 2 ) is 


The estimated solid-constriction correction is nearly 
seven times the estimated wake-constriction correction. 

At Mach numbers larger than the critical, however, the 
drag may increase greatly and the size of the solid- 
constriction correction may be exceeded by that of the 
wake - c ons t r i c t ion co rre c t i on . 

The corrections in equations ( 4 ) to -( 6 ) are to be 
applied to the velocity in a parallel channel without 
boundary layer and at an infinite distance upstream 
from the model, where the influence of the model is 
negligible . Practically, the effect of the boundary 
layer is kept small by limiting the length of the test 
section of the tunnel, for the, boundary layer is pre- 
vented in this way from becoming very thick, and correc- 
tions are applied for any velocity gradient produced by 
boundary-layer development or wall divergence or both. 

In any practical case, however, the influence of the model 
at the orifices used to determine the tunnel velocity 
may not be negligible, and account must be taken of this 
interference . 
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Influence of model alone on velocities at calibration 
orifices In the present tests the tunnel velocities 
were determined from measurements taken at orifices a 
and b as previously described. (See fig. 2.) Consider 
the consequences of basing velocities and Mach numbers 
on pressures taken at these orifices. Supnose first 
that the airfoil i3 placed in an infinite, uniform stream 
of velocity V . The airfoil can be represented by a 
distribution or sources and sinks of total strength zero. 
With such a distribution representing the NACA 0012 air- 
foil, the velocities for incompressible flow at orifices a 
and b were found to be 

(0, =. o.co^S ( 9 ) 

\ /. L£l 

and 

(Af) = -o.ool.o (10) 

V°/l b 

Prom the first of equations (A10) of reference p, these 
increments are expected to increase with Mach number by 

the factor - - 1 

v 7 l - M 2 

The velocities at orifices a and b. are affected by 
the wake also. It is reasonable to suppose that the 
effect of the wake may be represented by a distribution 
of sources, sinks, and vortices,. The vorticity coming 
off the upper surfac'e is equal in magnitude b\it opposite 
in sign to that coming off the lower surface and the 
positive and negative vorticities rapidly diffuse so 
that, if the w ake is not excessively large and violently 
fluctuating, the effect of the vorticity a short distance 
from the airfoil is negligible. The sink distribution 
as shown in part II of reference 5 is due to the wake 
dissipation behind the airfoil. At a considerable 
distance from the airfoil, the combination of sources 
and compensating sinks has approximately the same effect 
as a doublet. In the representation of the wake, however, 

V c d c 

the sources exceed the sinks by ■ ■ -■ • (reference 5, 

part II). Because the sum of the compensated sinks 
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cannot be as great as this value and because the induced 
velocities due to a source and to a doublet vary 
inversely as the first and second powers of the distance 
from the position of the source and doublet, respectively, 
the velocities induced by the wake at orifices a and b 


are due mainly to the source of strength 


V o c d c 


If, instead of a^ source distribution, a single 

source of strength 5.3 assumed to be concentrated 

at the midpoint of the airfoil chord, the induced velocities 
at orifices a' and b with the previously estimated drag 
coefficient of 0.01 are (including the compressibility 
effect given by equations (A10) and (20) cf reference 3) 


and 



1 + 0 . c d c 

v4 - M2 Utoc 


1 + O.l^M 2 0,01(1) 
v4 - m 2 lprr( -I.875) 


= -O.OOOI4.2 


1 +• 0j|l! 2 

\A - m2 



1 + 0.. 0.01(1) 
\/l - M 2 li.tr (I.875) 


= O.OOO42 

t 


1 + O.lpM 2 
/1 - M 2 


( 11 ) 


( 12 ) 


where x is the distance from the source measured 
positive along the chord in bhe direction of the free- 
stream velocity V Q . 3ecause of the increase in drag 
coefficient, these velocity increments may be greatly 
increased at Mach numbers larger than the critical but 
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will still be small in comparison with the stream velocity. 
With small induced velocities, the pressure differences 
are proportional to the velocity increments and, because 
the induced velocities at orifices a and b due to the 
scrnrce at the origin are opposite in sign, the velocities 
and Mach numbers computed from the average of pressures 
at orifices a and b are automatically compensated for 
the effect of the wake at the measuring orifices. 

Because the effect of the actual wake may not be 
accurately represented by a source at the origin, the 
wake effect will not be exactly compensated but, at 
least with Mach numbers less than the critical, the 
error involved is believed to be small. Correction for 
the error given by equations ( 9 ) and (10), which involves 
addition of a velocity increment 


AV _ O.OOkS + 0 . 00l_|_0 


V 


O 


2yl - M2 


(13) 


to the stream velocity determined from the average of 
pressures at orifices a and b, should therefore yield a 
good approximation to the true velocity of the infinite 
stream. 


Corrections for wake and wake-constriction inter- 
ference and for pressure gradient .- Suppose now the air- 
foil is placed in a closed-throat wind tunnel. As shown 
in reference 6, the wall interference due to wake con- 
striction can be represented by means of source images 
in the tunnel walls. The velocities at orifices a and b 
will be affected by these images as well as by the source 
representing the original wake. Prom equations (21), 

( 23 ), and (2B) of page 3k of reference o, the velocity 

V C^q C 

at orifice b due to the source — and its images is 



c d c 

l4.Tr 



rrx 

2h 


+ 


tanh 



(lk) 


or wi th c d = 0.01, c = 1 inch, h = 3 inche s , and 
x = I .875 inches 
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lk 


AV 


0.01 

2 k 


( 1 . 32 b + 0.75k) 


= O.OOO 87 


U5) 


which is about twice the value obtained without the wall 
interference. At orifice a the induced velocity due to 
the wake and its images is the negative of the value 
given in equation (15). Because the angle between the 
stream direction and the radius vector from any image is 
the same for orifice a as for orifice b, the compressibility 
effect given by equations (All) and (20) of reference 3 
is also the same and the velocity increments remain equal 
in magnitude but opposite in direction so that, as in the 
case of the infinite stream, the effect of the wake is 
removed by averaging the Mach numbers at orifices a and b« 


In the onen jet, the source images must be alternately 
negative and positive and the effect of the wake is given 
by taking the hyperbolic tangent term negative in equa- 
tion (lk) so that at orifice b 


aV _ 0.01 



( 1.326 


0 


.75k) 


= 0.0002k 


( 16 ) 


The induced velocit;/ at orifice a is the negative of this 
value (because x is negative ahead of the model). The 
compressibility effect is again the same at orifice a 
as at orifice b and again the effect of' the wake is 
removed by averaging values at orifices a and b. 

An estimate of the effect of basing the tunnel 
velocity on the average value of the pressures at 
orifices a and b, if the source representing the wake 
were located at the trailing edge instead of at the center 
of the chord as assumed, indicated an error of about 
one-fifth of the total wake -constriction correction. 
Inasmuch as the effective origin of the wake should lie 
between the center and the trailing edge, the error due 
to the excentral origin of the wake should therefore be 
less than the estimated one -fifth. 
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A more serious source of error is the pressure 
gradient that exists in the tunnel without the model. 

This pressure gradient is usually taken into account by 
means of an empty- tunnel calibration but, in the present 
case, an empty- tunnel calibration was not available and 
therefore direct corrections for the pressure gradients 
could not be made. The oressure gradients, moreover, 
are thought to have varied from test to test becaTise the 
open- throat and closed- throat tunnels were taken down 
and reassembled, several times without any check on the 
pressure gradients. If the gradient is constant, the 
method of averaging pressures between orifices a and b 
will eliminate the effect of the gradient on the deter- 
mination of the velocity and Mach number at the model. 

If the gradient is net constant, the estimated velocity 
will be too high or too low, depending on whether the 
velocity gradient is increasing or decreasing. 

In tills analysis, the assumption is made that the 
average of the pressures at orifices a and b corresponds 
to a velocity at the model which is automatically cor- 
rected for wake constriction and pressure gradient. The 
only correction to be applied to the velocity sc obtained 
is that due to the effect of the airfoil profile and its 
image s . 

Correction for interference due to profile .- The 
correction to be applied to the average of the velocities 
at orifices a and b.is the difference between the 
velocity increment at the position of the model due to 
the solid constriction and the velocity increments at 
calibration orifices a and b due to the solid constric- 
tion plus the direct influence of the profile. The 
velocity increment at orifices a and b due to the solid 
constriction will he calculated first. As shown in 
reference 2, if the airfoil is small in comparison with 
the tunnel size, the boundary conditions can be approxi- 
mately satisfied by means of an infinite series of 
images of the equivalent airfoil doublet in the tunnel 
boundaries. From reference 2, the equivalent doublet 
due to the airfoil is 


k = \ ^t 2 V 0 


(17) 
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and therefore, as seen from reference 7> 
pressible flow the induced velocity AV 
direction at a point (x,y) (see fig. 7 ) 
any doublet image is 


with incora- 
in the stream 
relative to 


A V 
V 

o 


2 ^t 4- yd _ x 2 

~(^77r 


(IS) 


The induced velocity due to the solid constriction 
at orifice a is the same as that at orifice b. Consider 
therefore the induced velocity at orifice b due to the 
images in the boundaries. 

From equations (21), (25), (26), raid (30) on 
pages 3 ) 4 . and 35 °f reference 6 , the incompres sible-flow 
induced velocity on the x-axis due to the images of a 
doublet oriented in the direction of the flow in a 
closed channel is 


AV _ 

Vo ~ 


n 2 


hh c 


( ssch2 1 ' 


■ 2 TlX 
csch — 
2h 


+ 



(19) 


where, in the .notation' of this caper, 


an 


\t £ 

k 


,/ith t = 0.12 inch, x = 1.875 inches, and h = 3 inches. 


AV 

V 

o 



( 20 ) 
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The only change in 
jet is to make the 


equation (19) required for 
sech 2 term negative and 


the open 


AY 

v o 


2 / \2 

— - AY (-04317 - 0.7598 + 1.037) 

lo \h / 


= -°-°95 KeJ 


( 21 ) 


Because the compressibility effect varies with the 
angle 0 (see fig. 7) between the x-axis and the radius 
vector from the doublet to the point considered, the 
contributions of the images must be divided in such a 
manner as to facilitate the application of the com- 
pressibility factors. Prom the theory of -reference 3 . 
the compressibility effect on the axial velocity cue to 
the doublet is found to be 


1 _ m 2 

£Vc = " 2. sln^e - 1 

Av i 4 - M 2 (1 - m 2 sin 2 0^ 2 


( 22 ) 


For images -A and 
tunnel . center line 


A f , which are 5 inches from the 
(see fig. 7 ) , the term sin 2 9 is 


sin 


20 


^2 


( 5 ) 


(3) 2 + (1.875)' 


u * 1 —5 


Similarly for the next two images, B and B’, 


si nrQ = 


( 6) 2 


(6)2 + (1.875 ) 2 


= 0.911 
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?or^ the images 9 inches and more from the center line, 
sin^G approaches unity and, because the maximum Mach 
number at* which comparisons between values for open and 
closed jets can be made in these tests is about O.85, 
the compressibility effect given by equation (22) is 

evidently approximated by - — rr. The induced 

(1 - m2 

velocity at orifice b may therefore be computed as: 

(a) that due to the first two images, A and A’, plus 

(b) that due to the next two Images, B and 3’ , plus 

(c) that due to all other images. With x = kh and 

y = nh, the induced velocity at orifice b due to 

images A and a' (n = 1, k = 0.625 ) taken together is 
thus, from equations (lb) and (22) 


AVq 


V 


o 



, „2 3ln 2 e 

n^ - k 2 ' 2 sin 2 9 - 1 

(k 2 + n 2 ) 2 - m 2 sin 2 9)"~ 



0.157M t/h) 2 (l - 1.61pi 2 ) 

yi - M 2 (l - 0.72M 2 ) 2 


(25) 


where the positive sign applies for the closed- throat 
tunnel and the negative for the open-throat tunnel. 
The velocity due to the images at 3 and B T (n = 2, 
k = 0.625) is similarly 

AV 2 _ O.Q94Mt/h) 2 (l - 1.11 m2) 

V o \A - M 2 (1 - O.9IM 2 ) 


where the positive 3ign applies for both open-throat 
and closed- throat tunnels. 


The contribution due to the remaining images is 
obtained, by subtracting that due to images A, A* , B, 
and B* (equations (25) and (2 ip)) for incompressible 
flow (M = 0) from equations - ( 20 ) and (21) for closed 
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and open jets, respectively, and dividing by the com- 
pressibility factor (1 - 1*2 ) 5/2 # For the closed jet, 
therefore , 



( 0.I4.37 " 0.19? - 0.09l|.)\( t/h) 2 


(l - M2) 3 


/2 


0.l86Mt/h) 2 
~ (l - M 2 ) 3 ^ 2 

and, for the open jet, 

&V* _ (-0.093 + 0.137 - Q.QQliJM t/h) 2 

v o (l - M 2 ) 3//2 


(25 ) 


-0.032\(t/h) 2 
(l - M2) 3//2 


(26) 


The total induced 
orifice a) due to the 


velocity at orifice b (or at 
solid constriction is therefore 





V. 




(27) 


The solid constriction, at the position of the model, 
given by equations (I4.) and (5) i3, for the closed- throat 
tunnel , 



(28) 
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and, for the open- throat tunnel, 

AV 5 _ -O.-'jll x /t\ 2 

v o (1 - M2)^/ 2 W 


( 20 ) 


■The residual solid-constriction correction to be applied 
to the velocity averaged between orifices a and b, V av , 

1 3 therefore 


_av = ixi _ 

V a v v o V 0 


(30) 


Addition to equation (30) of the velocity increment due 
to the direct influence of the profile at the calibration 
orifices, equation ( 13 ), completes the correction and 
yields the true effective velocity at the position of 
the model . 

For any small velocity correction AV, a corre- 
sponding Mach number correction AM can be obtained 
from the relation 


AM _ AV / 
M V V 



(3D 


where for air y = 1 *1-1-0. This equation is easily 
derived by substituting equation ( 30 ) of reference 3 
into the first equation on page 19 of the same report, 
expanding the equation, and neglecting powers c,f AV/V 
higher than the first. 

Limitations to application of theory .- Several 
limitations to the application of the theory used in this 
analysis should be recognized.. First, because the theory 
is based on subsonic potential flow and in vi ew of the 
fact that, as the Mach number increases beyond the 
critical value, the flow departs increasingly from 
potential flow and that supersonic-flow regions appear 
in the field, a progressive divergence from the theory 
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in the supercritical flow regime might he expected. 
Application of the theoretical correction at Mach numbers 
greater than the critical can therefore be justified 
only by experiment. 

A second limitation to the application of the theory 
is imposed by the fact that in the development of the 
theory the corrections were assumed to be small; powers 
of the velocity increments higher than the first were 
therefore neglected and the Mach numbers involved in 
the compressibility factors were assumed to be equal to 
those obtained from the tunnel calibration. At high 
Mach numbers the compressibility effects are such that 
the corrections may become large, even for relatively 
small values of the ratio of model thickness to tunnel 
height t/h, and the compressibility factors themselves 
may become inaccurate because of the uncertainty con- 
cerning the correct value of Mach number to use. If 
the correction becomes large, moreover, it may no longer 
be possible to correct the results by the simple process 
of correcting the stream velocity. 

A severe limitation to the use of the closed tunnel 
is that of choking, which is described in reference 3* 

The choking Mach number, which is the highest Mach 
number attainable in a parallel channel far upstream 
from the model, is reached when the speed everywhere 
along some line across the channel is equal to the speed 
of sound. The line at which LI =1,0 commonly extends 
from the airfoil surfaces somewhere near the maximum 
thickness to the walls. If the line of M = 1.0 is 
straight and perpendicular to the axis of the channel, 
the choking Mach number M ch is theoretically a maximum 
and is related to the thickness-to-height ratio t/h by 



(52) 


which is adapted from equation ( 87 ) of reference 3» 
Practically, the thinning of the boundary layer produced 
by the velocity increase at the walls due to the air- 
foil may permit the .attainment of a somewhat higher value 
of the choking Mach number than is given by equation (32). 
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The effect of the absolute thickness of the boundary 
layer is small in comparison with the effect of the 
changes in the thickness. As the choking Mach number 
is approached, the tunnel-wall corrections are expected 
to become increasingly inaccurate. After the choking 
Mach number has been reached, the pressure differences 
between points upstream and downstream from the model 
can be increased without any appreciable change in the 
upstream Mach numbers. Because a single indicated 
tunnel Mach number corresponds to an infinite number of 
downstream pressure distributions, after the choking 
Mach number is reached, the conditions in the tunnel 
cannot be related to the tunnel Mach number and the 
application of corrections is obviously impossible. 


Analysis of Experimental Wall- Interference Data and 

Comparison with Theory 

Mach number distributions .- The experimental data 
are analyzed in terms of the local Mach numbers Mj 
that are related to the local pressures pi of fig- 
ures 5 and Ij. by equation (1). These values of Mach 
number are assumed to be correct as determined from 
the measured pressures and to require no correction. 

Only the stream Mach numbers M at which the local 
Mach numbers are plotted must be corrected. 

For the tests in the open and closed jets, the 
values of Mj, at each measuring point on the profile 
were first plotted against the indicated stream Mach 
numbers at orifice a, M a . At chosen values of M a 
values of Mj were taken from these curves and are ^ 
shown plotted against chordwise location in figure 3. 

x 

Excent for the values for the closed-jet tests at - 0 . 075 , 

which are evidently in error, the local Mach numbers in 
the closed jet exceed those in the open jet. Tills 
behavior accords with the theory in that for the same 
indicated Mach number M a the predicted effective stream 
Mach number is greater for the closed than for the open 
jet. 


The possibility of correcting the test results for 
the open and closed jets by correcting only the stream 
Mach numbers depends on the existence of identical local 
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Mach number distributions for the two cases at corre- 
sponding but different values of M a . These two values 
of M a for the open and closed jet then correspond to 
some single effective value of the stream Mach number. 

If the -curves for the open and closed jets coincide 
at given values of the theoretically corrected stream 
Mach number, the theory may be assumed to be correct 
and the effective Mach number to be that obtained 
by application of the theoretical corrections. The fact 

that (except for the values at ~ = 0.073 already 

assumed to be in error) the -distributions of these 
tests for the open and closed jets have essentially the 
same shape for the same value of M a up to a value 
of O. 7 OO (near the critical value) suggests that correc- 
tion should be possible. At the choking Mach number in 
the closed jet M a = 0.797? however, tie distribution 
of Mi is already considerably different from that at 
the same Mach number in the open jet and approaches more 
nearly the -distribution of the open jet for M a = 0.900; 
but even for the choking Mach number, so far as can be 
judged from figure 8 , coincidence with an Mj -distribution 
for an open jet might occur at some value of M a some- 
what less than O. 9 OO and correction might still be possible. 
The compressibility effect on the interference is shown 
in the increasing spread at given values of M a between 
the local Mach number distributions for open and closed 
jets . 


Correction was first made for wake constriction 
and uniform ores sure gradient by use of the theory 
previously discussed by correcting the stream Mach number 
to 


M 


M a + “b 


av 


Local Mach number distributions at chosen values 

of M av are shown in figure 9« The -values of 
figure 9 for the closed jet are the same as those of 
figure 8; only the stream Mach numbers have been changed 
from M a to M av . From figure 9 the correction for wake 
constriction and pressure gradient can be seen to bring 
the Mach number distributions for open and closed jets 
into much closer agreement, particularly at the lower Mach 
mimbers, than if this correction had not been applied. 


2k 


MAC A TN No. 1055 


The relation between M a and is shown in 

figure 10. For both open and. closed jets, is 

greater than M a but ohe difference between the two 
is much greater for the closed jet than for the open jet. 
'This effect agrees qualitatively with the wake-constriction 
theory (see equations (15) and ( 16 ) and the discussion 
following these equations). At moderate Mach numbers for 
which an estimate of the wake constriction can reasonably 
be made, however, the corrections, particularly for the 
closed jet, are much greater than indicated by the wake- 
constriction theory. For the closed jet, for example, 
the corrections are about five times as great at 
M a = 0.600, which indicates a pressure gradient in the 
tunne 1 . 

Local Mach number distributions at values of the 
stream Mach number corrected for solid constriction as 
well as for wake constriction and pressure gradient are 
shown in figure 11. The distributions of Mj for the 
closed jet are che same as those given in figure 9 > hut 
the stream Mach numbers M av have been corrected 
to M corr by adding the solid-constriction correction 

for closed-throat tunnels given by equations ( 30 ) and (3D. 
For the open jet the values of M a corresponding to the 
values of M corr for the closed- throat tunnel have been 

found by subtracting from the values of M corr for the 

closed- throat tunnel the solid-constriction correction 
(equations ( 30 ) and (3D) and the w^ke- constrict! on and 

pres sure -grad lent correction - — At values of M & 

so obtained, the Mj-valu.es for use in figure 11 were 
taken from the plots of Mj against M a for the open- jet 

tests. Additional distributions of Mj are shown in 
figure 11 for a Mach number M corr of 0.79D which is 

greater than the critical value and corresponds to a 
Mach number M a of O.75O in the closed jet. The Mach 
number value M corr represents the stream Mach number 
completely corrected theoretically except for the small 
direct influence of the airfoil profile at the measuring 
orifices. (See equation (13).) 'This influence is the 
same in both open and closed jets and therefore does not 
affect the comparison. 

Fair agreement is obtained between Mach number dis- 
tributions "for the open and closed jets at the same values 
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of the connected Mach number M corr > except at the 
Mach number corresponding to choking in the closed 
tunnel. The accuracy of the data is not such as to per- 
mit the theoretical wind-tunnel corrections to be checked; 
the most that can be said is that, when the theoretical 
corrections were applied, the Mach number distributions 
up to a stream Mach number between the critical and the 
choking value for the closed jet came into approximate 
agreement and that the agreement was better even at the 
choking Mach number than if no correction had been applied. 

In order to investigate the type of flow existing 
for these tests, the Mach number distribution in potential 
flow was computed at a free-stream Mach number of 0,lj-05 
and is shown in figure 11. In calculating this Mach 
number distribution, the velocity distribution for incom- 
pressible flow (Vj/V 0 ) i was obtained by the method of 

reference 9 . The induced-velocity coefficient corre- 
sponding to this velocity distribution. 



1 


was then multiplied by the factor 


vf 


enceio) to <?ive the induced velocity 
number of 0 .f 05 ; that is. 



(see refer- 


at a stream Mach 


/£vA = AvA x 1 
V v o / 0 Vo A vi - ( 0.1+05 ) 2 


The stream velocity corresponding to this induced-velocity 
ratio at the Mach number O.I 1 .O 5 is 



and the Mach numb e r distribution is obtained from the 
isentropic flow relation 



Except for the erroneous valxies at = 0.075 the 

closed tunnel, the agreement between the calculated Mach 
numbers and the corrected measured values is reasonably 
good and indicates that, in spite of the small size of 
the model, no serious flow separation occurred and the 
Reynolds number was therefore not below the critical 
value . 

The method of applying the corrections may be 
clarified by reference to figures 12 to lip • In these 
figures, the local values of the Mach number at the 

27 . 5 -percent-chord station are divided by M a , M av , 
and M corr in turn and plotted against M a , M aV , 

and M corr , respectively. 

The process of correction of two Mach number ratios 
in the open and closed jets is shown in figure lip . The 
local Mach numoers Mj, were obtained correctly from the 
local pressures p-, and the total pressures H by use 
of equation (1). Consider the value of M^/M corr for 

the closed-tb I’oat tunnel plotted at M corr = 0.775 i- n 
figure li| ■ The corresponding value of Mj was originally 
divided by M a (= 0.749) and Plotted at M a - 0.7^9 i n 
figure 12. Correction for pressure gradient and wake 
effect gave a value of M av of 0 . 760 . The value of 
was therefore divided by M av (= O. 766 ) and this ratio 

was plotted at M av = O .766 in figure 15. The correc- 
tion involved a decrease of the Mach number ratio 
from 1.439 to I.I 4 .O 7 and an increase of the Mach number 
at which the local Mach number ratio was plotted 
from 0 . 7ip9 to O. 766 . The solid-constriction correction 
involved an additional Increment of Mach number of 0.009. 
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The value of was therefore divided by M corr (= 0 . 775 ) 

and the ratio was plotted at Mcorr = 0*775 i- n figure ll|.. 
The values of the Mach number ratios for the open-throat 
tunnel were corrected in the same way but In this case 
the solid-constriction correction was opposite in sign 
to that due to the wake and pressure gradient. For this 
reason, the point in figure 14 for the open jet at 
Mcorr = 0.790, for instance, is almost the same as the 
corresponding uncorrected point in figure 12 . 

In figure lip the open-jet values of the local Mach 
number ratio for M corr greater than M corr = G.9OO 

have been omitted because at these high Mach numbers the 
theoretical compressibility effect on the solid-constriction 
corrections is held in doubt and no closed- jet values are 
available for comparison. The highest corrected stream 
Mach number for the closed jet is O.858, which corresponds 
to tunnel choking. The corrected Mach number ratio for 
the closed- throat tunnel at this station (27. 5 percent 
chord) and at this stream Mach number falls below the 
corrected open- jet value, whereas with the same corrected 
stream Mach number but at stations farther back on the 
surface (fig. 11) the Mach number ratios for the closed 
jet considerably exceed the open-jet values. This behavior 
suggests that tunnel-wall-interference investigations 
based on isolated pressures on the model rather than on 
pressure distributions are not to be relied tipcn. 

Schlieren photographs .- Additional information on 
the nature of the boundary interference and flow in 
open- throat and closed- throat tunnels can be obtained 
from the schlieren photographs of figures 5 and 6 . 

Up to the Mach number at which shock waves first occur 
(figs. 5( a ' to 5(°) and 6(a) to 6(d)), the flow in the 
vicinity of the model appears the same in both open and 
closed jets. At somewhat higher Mach numbers (figs. 6(g) 
to 6 ( t ) ) , disturbances in the open jet changed the flow 
pattern near the model and thereby prevented an accurate 
comparison between the flow patterns in the open and 
closed jets. In view of the unsteadiness in the flow, 
which at times caused the flow about the airfoil to be 
asymmetrical, the approximate agreement between the 
corrected Mach number distributions for open and closed 
jets is rather surprising and is perhaps fortuitous. 
Nevertheless, even "the flow patterns show certain 
similar! ties . 
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The critical Mach number M _ ^ was judged from sharp 

prints to correspond to a Mach, number M a in the closed, 
tunnel of O.717," which with corrections would he only 
slightly more than the theoretical value of M cr of 0 . 720 , 
Unfortunately, because of the necessity of changing the 
tunnel walls" for the schlieren setup, accurate wall- 
interference corrections cannot be applied. The critical 
Mach number itself cannot oe accurately defined, however, 
because the first gathering of the shock wave by which 
the critical M a ch number is determined is a gradual 
process and does not occur suddenly at one specific 
value of the stream Mach number. It is evident from 
figure 6(e), although the flow is unsyume trical, that 
the critical Mach number in the open jet is close to 0 .? 28 ; 
xio great difference therefore exists between the critical 
Mach numbers in open and closed jets. 


At Mach numbers between the critical and about 0.75 
O.76 (figs. 5 (d), 5 (e), 6(f), and 6(g)), the results 

- 1 • l - ^ ^ .. : m M -I*-, 1 


or 

for open and 
disturbances in 
shocks incre ase s . 
to 5 (m) and 


closed jets agree in showing no large 
the flow, though the Intensity of the 

At 3 till higher Mach numbers (figs ♦ 5 (f) 
tc 6(0)), both open-jet and closed-jet 

. « 1 -1 j • 


6(h) 


the 

be 


UO J \ Ui / W \ JLJ. / \ 'J i I y '-'a.-' O V 

tests show Increasing intensity of shock and separation 
of the flow with development of a wide wake. The shock 
patterns are somewhat similar but, as the theory would 
lead one to expect, the shock waves develop toward the 
wall in the closed jet as the Mach number is increased, 
whereas in the open jet the ends of the shock waves 
remain diffuse. Sven at the choking Mach number for 
closed jet (figs. 5(n) and 5(0)), open-jet flows can 
found with similar shock patterns 
( f igs . 6 ( s ) and 6 ( t ) ) , though the 

tions (figs. 5 and i\.) in the Mach 

these two sets of schlieren pictures were made do not 
agree. When the tunnel power in the closed jet Is 
increased beyond the smallest amount necessary for 
choking (fig'. 5(p)), the shock pattern is different from 
any obtained for the open jet. 


on the airfoil 
pressure distribu- 
number ranges at which 


Conditions near Choking 

The choking Mach number for the closed tunnel M a cil 

for the present tests is compared in figure 15 with the 
choking Mach numbers obtained in two other tunnels and 
with the theoretical values of choking Mach number 
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obtained from equation ( 52 ) without consideration of 
boundary-layer effects. The value of the choking Mach 
number for the present tests falls above the theoretical 
curve, whereas from purely potential-flow theory it should 
fall on or below the theoretical curve. If allowance 
were made for the pressure gradient existing in the tunnel 
(that is, if the tunnel velocity had been obtained from a 
tunnel calibration), moreover, the choking Ilach number 
would fall still farther above the theoretical value. 

The fact that the tunnel chokes at a Mach number greater 
than the theoretical value is believed to be due to the 
decrease in thickness of the wall boundary layer in 
regions of increasing velocity as discussed with relation 
to equation ( 52 ). The required gradient obviously exists 
on the side walls in the vicinity of the model and is 
known to extend to the upper and lower boundaries as 
the Mach number approaches the choking value. The negative 
density gradient corresponding to the negative pressure 
gradient is shown by the dark regions above and below 
the model in figures 5(°) and 5(p) and is seen to cover 
the whole cross section of the tunnel. The thinning of 
the wall boundary layer causes the effective cross sections 
at the model to be larger than would otherwise be the case 
so that a greater mass flow passes than is assumed in the 
theory, which causes the upstream Mach number where the 
boundary layer Is relatively unaffected to be higher 
than it would otherwise be. 

Further evidence to support the argument advanced 
herein with regard to the effect of the boundary layer 
is contained in the relative positions of the points in 
figure 15 . Beth the Langley rectangular high-speed 
tunnel and the tunnel used for the present tests have 
narrow rectangular cross sections in contrast to the 
approximately circular section of the Langley 2l|.-inch 
high-speed tunnel. The ratio of boundary area per unit 
length to cross-sectional area is therefore much greater 
for these rectangular tunnels than for the almost circular 
tunnel and the boundary-layer effects considered should 
also be greater. The expected effect is indicated in 
figure 15 by the fact that except for one single point 
the values for the rectangular tunnels fall near the 
theoretical curve, whereas all values from the almost 
circular tunnel fall below the curve. Of course, the 
influence of the model, which should tend to cause the 
experimental ^cints to fall below the theoretical curve, 
would also make itself felt; and, the model influence 
would be greater the larger the model. This effect 
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appears at the higher ^-values in figure 15 . The ’wall 

boundary layer must affect the flow in such a w ay as to 
alleviate the tunnel constriction at all Mach numbers, 
but the effect rapidly increases as the Mach number 
approaches the choking value. 

The shock extends to the wall at the choking Mach 
number (figs. 5( n ) end which shows that sonic 

speed must also extend to the wall, so that theoretically 
no further increase in mass flow with the same upstream 
stop pressure and temperature is possible. In figure 5(p) 
an increase in tunnel power has thus produced a change 
In the shock pattern without a change in the upstream 
Mach number. As shown in figure l6, the pressure dif- 
ference between upstream and downstream pressure orifices 
is also increased without a change in upstream Mach 
number. Indeed, the reduction in back pressure behind 
the shock (or the increase of pressure ahead of the shock) 
is the cause of the change of "the shock-wave pattern. 

The pressure difference between upstream and down- 
stream orifices evidently begins to increase rapidly 
(see fig. lb) at a speed somewhat above the critical 
speed and apparently this increase might be used to 
determine the highest Mach number for which the test 
results obtained could be considered reliable . In the 
open jet, as may be seen from figure lo, no large pres- 
sure difference such as occurs in the closed jet exists. 

Change of Velocity Ratio ~ with Mach Number 

v o 

The existence of corrected experimental velocity 
ratios affords an opportunity for comparing with experi- 
ment several formulas for the compressibility effect on 
the local velocities. Pour of the best known of these 
formulas are 

(1) A relation corresponding to the Prandtl-Glauert 
theory (references 10 and 11) 
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(2) The Karman-Tsien relation (from equation ( 6 l) 
of reference 12 ) 



(5) The 'Temple -Yarwood relation (from equation (SI) 
of reference 15 ) 





cos — (m 
3 


+ a) 


:os a 


where 


iVl 


t 2 


T 1 = 


n 1 u 2 

5 + «o 


(36) 



( !+ ) Th.e results of Kaplan's annlication to a bump 
and to a curved surface (see pages ' 16 and 17 of refer- 
ence 11 +) of the extended theory of compressible flow with 
small perturbations . 

The comparison of the experimental and theoretical 
variation of velocity ratio Vj/V e ff with Mach number 

M eff is shown in figure 17 for values at the 27 . 5 -percent- 
chord station. In this figure, the correction for the 
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direct influence of the profile at the calibration 
orifices has been applied (equation (13)) in addition 
to the other corrections to rive effective values of the 
stream velocity and Mach number, V e f and M e f f . The 
theoretical curves were passed through a value of M e p f 

of 0.1;, which was determined by fairing through the 
closed-jet values of Vj/V 0 f>f in this region. 

The simple Karman-Tsien relation (equation (35)) is 
seen from figure 17 to agree with the experimental 
variation of" Vj/V eff at the 27.5-percent-chord station 

as well as any of the theoretical variations tried. 
According to the theory, these theoretical relations are 
expected to describe the experimental variation best near 
the peak velocity. In the present tests, the Karman-Tsien 
relation was also found anproximately to describe the 
change of Vj /V e f p with Mach number, up to Mach number 

values somewhat beyond the critical, at points farther 
back on the airfoil. This approximate agreement of the 
Karman-Tsien relation with experiment is consistent with 
past experience and suggests, especially inasmuch as 
the relation is also relatively simple, that this rela- 
tion should be used to extrapolate low-speed velocity 
and pressure coefficients to high speed, at least for 
values of these coefficients in the vicinity of and for 
moderate values of the peak velocity. No theory, based 
on potential flow, should of course be expected to hold 
in regions in which the flow departs considerably from 
the potential. 


INTERPRETATION OP A23 JLT3 AND CONCLUSIONS 


Prom the foregoing analysis of two-dimensional tests 
of the NACA 0012 airfoil of 1-inch chord in 3-inch open 
and. closed jets, the following remarks are considered to 
be justified: 

1, In applying tunnel- wail corrections, care must 
be exercised to take account of any interference at the 
orifices used in determining the tunnel velocity as 
well as to obtain a correct empty- tunnel calibration. 

2. The- corrections for wake and solid constriction 
wore found to be sufficient up to a Mach number between 
the critical and choking values to bring the results for 
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the open and closed jets into approximate agreement. 

The accuracy was insuff icient, however, to prove the 
exactness o.f the corrections. 

3. In the closed-throat tunnel the speed is limited 
h 7 choking, which is the most severe effect of the tunnel 
walls. Even at a velocity very close to that at the 
first attainment of choking, however, an open- jet Mach 
number distribution (one occurring at an uncorrected 
stream Mach number less than unity) could be found which 
was not greatly different from that obtained in the closed 
jet though the corresponding apparent stream Mach numbers 
were greatly different. Application of the theoretical 
corrections employed in this report failed to bring the 
results for the open and closed jets at the corrected 
velocity for the choking Mach number in the closed jet 
into coincidence. With the approach of choking, correc- 
tion by any method may be impossible. 

ip. If, after the choking Mach number is reached, the 
tunnel power is increased, the pressure difference 
between points upstream and downstream from the model is 
increased without any significant Increase in the up- 
stream Mach number. Inasmuch as a given Mach number 
upstream therefore no longer corresponds to a single 
pressure distribution in the tunnel, corrections are 
obviously impossible after the choking Mach number is 
reached . 

5 . In consideration of the severe speed limitation 
imposed by choking and of the large increase in tunnel- 
wall interference at high Mach numbers, models for high- 
speed tests in a closed tunnel should be much smaller 
than the largest models that can be successfully tested 
at low speeds . 

6 . For the open jet, the absence of choking and 
wake constriction and the fact that the theoretical 
solid-constriction corrections are relatively smaller 
than in a closed jet suggest that the open jet should 

be advantageous for tests at high Mach numbers. Certain 
difficulties may, however, be experienced with open 
tunnels. Even at low speeds the boundary conditions are 
only approximately satisfied by the theory and, at very 
high speeds (Mach number above the critical), the 
theoretical compressibility effects on these corrections 
are no longer strictly applicable. Moreover, disturbances 
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at tile boundaries ma 7 cause the flow to be unsteady in 
the vicinity of the model. In order, therefore, to 
realize the theoretical advantages of open jets for 
tests at Mach numbers approaching unity, special care 
must be exercised to obtain a design that minimizes 
disturbances in the flow; large .'jets are expected to be 
advantageous in this respect. In addition, the tunnel 
boundary corrections up to the highest test Mach numbers 
must be determined with greater reliability than is now 
pos sible . 


7. The methods now available for estimating correc- 
tions for tunnel -v/all interference are severely limited 
in application. The theory is strictly applicable only 
in potential flow at Mach numbers less than the critical 
and only so long as the corrections are small. Further 
investigation, both theoretical and experimental, is 
needed to determine the nature of the corrections 
required, to establish the limits of practical usefulness 
of present methods, and to develop theory and methods of 
application for estimating corrections up to Mach numbers 
as near unity as possible and for the largest models 
for which corrections can be applied. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., January 9, I9I4.6 
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Figure I.- Exploded view of experimental setup. 
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Figure Z. - Location of static- pressure orifices in wo// with respect 
to position of cti ffoi! mode/. Block si mu toting open Jet is shown . 
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Fig. 3 



Figure 5** Distribution of ratio of static to total pressure p^/H about 
NACA 0012 airfoil of 1-inch chord in 3-inch closed jet. Mach number M fl 
taken at orifice 1.375 inches upstream from leading edge of model. 
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Distance from lead mg edge , x/c 

Figure 1*.- Distribution of ratio of static to total pressure p l /H about 
NACA 0012 airfoil of 1-incb chord in 3~inch open jet. Mach number M a 
taken at orifice 1.375 inches upstream from leading edge of model. 
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Fig 


5a , b 


(a) M = 0.500. 



(b) M *= 0.664. 


5.- Schlieren 
airfoil in a 


photographs 
closed jet. 


of flow about an NACA 0012 
— = 0.04; a = 0°. 
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Fig. 5c, d 



(c ) M = 0.717. 



( d ) M * 0.742. 

Figure 5. - Continued. 
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Fig . 5e , f 



( e ) M ■ 0.755. 



( f ) M - 0.758. 


Figure 5.- Continued. 
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Fig. 5 g , h 



(g) M = 0.767. 



(h) M - 0.772. 
Figure 5.- Continued. 
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Fig. 5 i , j 



(DM- 0.776. 



( j ) M « 0 .780. 


Figure 5.- 


Continued . 
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Fig. 5k, 1 



(k) M - 0.782. 



(MM- 0.786. 


Figure 5.- Continued. 
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(m) M = 0.793. 



( n ) M * 0.796. 


Figure 5.- 


Continued . 
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Fig. 5o,p 



( o ) M = 0.796. 



( p ) M = 0.796. 

Figure 5.- Concluded. 
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Fig. 6a -d 



(a) M = 0.652. 



(b) M = 0.654. 



(c) M « 0.673. 


( d ) M = 0.673. 


Figure 6.- Schlieren photographs of flow about an NACA 0012 
airfoil in an open jet. -p- = 0.04; a = 0°. 
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Fig. 6e-h 



(e) M = 0.728. 




(f) M - 0.757. 



(g) M = 0.758. 


(h) M = 0.798. 


Figure 6.- Continued. 
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Fig. 6i-l 



(i ) M = 0.798. 



{ j ) M = 0.813. 



(k) M = 0.886. 


( L) M « 0 .826 . 


Figure 6.- Continued. 
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Fig. 6m-p 




(o) M = 0.873. 


(p) M = 0.873. 


Figure 6.- Continued. 
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Fig. 6q-t 



(q) M = 0.911. 


(r) M = 0.912. 




( s ) M = 0..9 64. 


f 

( t ) M - 0.967 . 


Figure 6.- Concluded. 
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Fig. 7 


B 
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Figure T. - Scheme for computing velocity induced 
af cal i bration orifices a and b by 
images A ',B, and B'. 
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Figure 8*- Comparison of distributions of Mach number over an NACA 0012 airfoil 

of 1-inch chord in open and closed 3“inch Jets at values of the Mach number M 
taken 1*375 inches upstream from the leading edge. a 
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Figure 9*- Comparison of distributions of Mach number M, over an NACA 0012 airfoil 
of 1-inch chord in open and closed 3-inch Jets at average values of the 
Mach number M av taken 1*375 inches upstream and downstream, respectively, 
from the leading and trailing edges. 
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Figure 10.- Mach number M b taken 1.575 inches downstream from the trailing edge 
as a function of the Mach number M a taken 1.575 Inches upstream from the 
leading edge of an NACA 0012 airfoil of 1-inch chord in a 5-inch jet. 
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Fig. 11 



Figure 11.- Comparison of distribution of Macb number over an NACA 0012 airfoil 

of 1-inch chord in open and closed 3“inch jets at values of the Mach number M co 
obtained by correcting the Mach number LI av for jet-boundary interference. 
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Figure 12.- Comparison of ratios of Mach number M? at 27.5 percent chord from M 

the leading edge to Mach number M a taken 1*375 inches upstream from the o 

leading edge of an NACA 0012 airfoil of 1-inch chord in open ana closed ** 

3-inch jets. 
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Figure 1^. - Comparison of Mach number ratios Mj/m^ at the 27 . 5 -percent-chord station 

for an NACA 0012 airfoil of 1-inch chord in 3-inch open and closed jets. M is 
.. av 

e average va ue of the Mach number at points 1«*75 inches upstream and downstream, 
respectively, from the leading and trailing edges. 
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Figure lij..- Comparison of Mach number ratios Mi/ M corr at the 27.5-percent-chord 

station for an NACA 0012 airfoil of 1-inch chord in 5-inch open and closed jets. 
M is obtained from M av by correction for jet-boundary interference. 
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Figure 15*- Maximum Mach numbers attained in several Langley high-speed tunnels. 
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Figure 16.- Ratio of static pressure one chord ahead of model 
to static pressure one chord behind model. 



M eff 


Figure 17** Comparison of experimental and theoretical variation with 

Mach number of velocity ratio v j,/v e ff at 27 *5"P®rcent-chord station. 

(Subscript eff designates effective values of velocity and Mach number 
corrected for wake and solid blockage and for influence of model at 
calibration orifices a and b. ) 
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